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Animal Rennets as Sources of Dairy Lactic Acid Bacteria
Margherita Cruciata,a Ciro Sannino,a Danilo Ercolini,b Maria L. Scatassa,c Francesca De Filippis,b Isabella Mancuso,c
Antonietta La Storia,b Giancarlo Moschetti,a Luca Settannia
Department of Agricultural and Forest Science, Università degli Studi di Palermo, Palermo, Italya; Department of Agricultural and Food Sciences, University of Naples
Federico II, Portici, Italyb; Istituto Zooprofilattico Sperimentale della Sicilia “Adelmo Mirri,” Palermo, Italyc
Themicrobial composition of artisan and industrial animal rennet pastes was studied by using both culture-dependent and -in-
dependent approaches. Pyrosequencing targeting the 16S rRNA gene allowed to identify 361 operational taxonomic units
(OTUs) to the genus/species level. Among lactic acid bacteria (LAB), Streptococcus thermophilus and some lactobacilli, mainly
Lactobacillus crispatus and Lactobacillus reuteri, were the most abundant species, with differences among the samples. Twelve
groups of microorganisms were targeted by viable plate counts revealing a dominance of mesophilic cocci. All rennets were able
to acidify ultrahigh-temperature-processed (UHT) milk as shown by pH and total titratable acidity (TTA). Presumptive LAB
isolated at the highest dilutions of acidifiedmilks were phenotypically characterized, grouped, differentiated at the strain level
by randomly amplified polymorphic DNA (RAPD)-PCR analysis, and subjected to 16S rRNA gene sequencing. Only 18 strains
were clearly identified at the species level, as Enterococcus casseliflavus, Enterococcus faecium, Enterococcus faecalis, Enterococ-
cus lactis, Lactobacillus delbrueckii, and Streptococcus thermophilus, while the other strains, all belonging to the genus Entero-
coccus, could not be allotted into any previously described species. The phylogenetic analysis showed that these strains might
represent different unknown species. All strains were evaluated for their dairy technological performances. All isolates produced
diacetyl, and 10 of them produced a rapid pH drop in milk, but only 3 isolates were also autolytic. This work showed that animal
rennet pastes can be sources of LAB, mainly enterococci, that might contribute to the microbial diversity associated with dairy
productions.
Several traditional Italian cheeses are manufactured in smallfarms with rawmilk from animals of indigenous breeds. Most
of these productions are carried out without the addition of com-
mercial or natural starter cultures. However, the presence of cer-
tain species of lactic acid bacteria (LAB) is of paramount impor-
tance to transform milk into cheese (1). Unlike the majority of
lactic acid fermentations, which are generally characterized by a
given dominant group of LAB driving almost the entire process of
transformation of the raw materials into final products, the pro-
duction of cheese relies on two distinct groups of LAB species:
starter LAB (SLAB), which participate in the fermentation pro-
cess, and nonstarter LAB (NSLAB), which are responsible format-
uration of the cheese (2). The successful fermentation of rawmilk
cheeses made without the addition of starter cultures strongly de-
pends on the presence of SLAB in the raw materials.
In this context, the main sources of microbial contamination
that might provide desirable LAB for the fermentation are gener-
ally considered to be themilk, the equipment used during process-
ing, and the dairy environment (3, 4). Other sources of microbial
contamination during cheese making that might affect the micro-
bial community of milk at different extents are represented by the
different ingredients added, especially the spices (5, 6).However, a
relevant contribution to the microbial complexity of cheeses
might be made by the rennet used for milk curdling. Animal ren-
nets are coagulant enzyme preparations extracted from the abo-
masum of ruminants, mainly veal, kid, and lamb (7). They have
been used as coagulant agents in the production of themajority of
cheese varieties for centuries. In some cases, themicrobial loads of
animal rennets represent the major part of the natural microflora
responsible for the fermentation process (8). The microbiological
investigations of animal rennets are focused mainly on their sta-
bility and their role in the generation of defects (taste and flavor,
putrefaction, disintegration, and blowing) in cheese (9, 10), as
well as in their hygienic quality (11). In contrast, some studies
were performed to evaluate the possible role of rennet to act as a
vector for the transfer of microencapsulated bacteria with probi-
otic properties into cheese (12, 13).
Studies on the microbial composition of animal rennets, using
mainly culture-dependent methods, highlighted the presence of
aerobic mesophilic bacteria, coliforms, anaerobic spore-forming
bacteria, LAB, staphylococci, yeasts, and molds (8, 10, 14–16). In
this research, following the scheme reported in Fig. 1, we studied
the microbial ecology of different artisanal and industrial animal
rennets commonly used for the production of traditional cheeses
in Sicily (southern Italy). The microbiota of rennets was assessed
by culture-independent 16S rRNA gene sequencing, and the LAB
diversity was evaluated by culture-dependent methods; the acidi-
fying capacity of rennet pastes was evaluated inmilk to select dairy
LAB for cheese making; the most promising isolates were identi-
fied at the species and strain levels and characterized for their
technological traits.
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MATERIALS AND METHODS
Sample collection.The animal rennet pastes (Table 1) were collected in
several dairy factories located in western Sicily (Italy) producing two
different pasta-filata cheese types, Caciocavallo Palermitano and PDO
Vastedda della valle del Belìce, obtained with raw cows’ and raw ewes’
milk, respectively. Sample collection occurred twice from each dairy at
an interval of 15 days. The rennets were sampled before their addition
into bulk milks, transferred into sterile plastic bags, and transported
under refrigeration with a portable refrigerator to the laboratory,
where they were immediately subjected to microbiological analysis.
Rennets of each dairy were pooled before DNA extraction.
Microbiological analysis. Serial decimal dilutions of rennet samples
(10 g) were prepared in Ringer’s solution (Oxoid, Milan, Italy). The first
dilutions were homogenized in a stomacher (BagMixer 400; Interscience,
Saint Nom, France) for 2 min at the highest speed. The cell suspensions
were plated and incubated as follows: on plate count agar (PCA) with 1
g/liter added skimmedmilk (SkM), incubated aerobically at 30°C for 72 h,
for total mesophilic counts (TMC); on PCA-SkM, incubated aerobically
at 7°C for 7 days, for total psychrotrophic counts (TPC); on violet red bile
glucose agar (VRBGA), incubated anaerobically for 24 h at 37°C, for
members of the Enterobacteriaceae family; on kanamycin esculin azide
(KAA) agar, incubated aerobically at 37°C for 24 h, for enterococci; on
Pseudomonas agar base (PAB) supplemented with 10 mg/ml cetrimide
fucidin, incubated aerobically at 20°C for 48 h, for pseudomonads; on
Baird-Parker agar (BP) with added rabbit plasma fibrinogen (RPF) sup-
plement, incubated aerobically at 37°C for 48 h, for coagulase-negative
streptococci (CNS) and, when a clear halo surrounded the colonies, for
coagulase-positive streptococci (CPS); on deMan-Rogosa-Sharpe (MRS)
agar, acidified at pH 5.4 with lactic acid (5M), incubated anaerobically for
48 h at 30 and 44°C, for mesophilic and thermophilic rod LAB, respec-
tively; on M17 agar, incubated anaerobically for 48 h at 30 and 44°C, for
mesophilic and thermophilic coccus LAB, respectively; and on dichloran
rose Bengal chloramphenicol (DRBC) agar, incubated aerobically at 25°C for
48h, foryeasts.Clostridial contentwasestimatedby themost-probable-num-
ber (MPN) technique using a 3 3 scheme following the methodology re-
ported by Franciosi et al. (17): undiluted samples and decimal dilutions were
pasteurized at 85°C for 15 min and inoculated into reinforced clostridium
medium (RCM) supplemented with 1.4% (vol/vol) Na-lactate (Merck,
Darmstadt,Germany); after that, test tubeswere sealedwithparaffin-vaseline
(1:6) and incubated for 7 days at 37°C. All media and supplements were
purchased fromOxoid. Microbiological counts were carried out in triplicate
for all samples at each collection time.
FIG 1 Scheme of the analysis performed on rennet samples and LAB.
TABLE 1 Characteristics of the animal rennet pastes
Rennet
sample ID Animal
Production
level
Amt (g/100 liters) added
for cheese making Cheese or use City (province)a
1 Lamb Artisanal 45 Caciocavallo Palermitano Godrano (PA)
2 Lamb Artisanal 50 Caciocavallo Palermitano Godrano (PA)
3 Lamb Industrial 40 Vastedda della valle del Belìce Santa Margherita del Belìce (AG)
4 Lamb Artisanal 40 Vastedda della valle del Belìce Menfi (AG)
5 Lamb Artisanal 30 Caciocavallo Palermitano Terrasini (PA)
6 Lamb Artisanal 50 Caciocavallo Palermitano Cinisi (PA)
7 Lamb Artisanal 50 Caciocavallo Palermitano Godrano (PA)
8 Lamb Artisanal 20 Caciocavallo Palermitano Terrasini (PA)
9 Lamb Artisanal 30 Vastedda della valle del Belìce Salemi (TP)
10 Lamb Artisanal 30 Vastedda della valle del Belìce Partanna (TP)
11 Kid Industrial 50 Caciocavallo Palermitano Godrano (PA)
Naturen Calf Industrial Used for milk clotting activity comparison
a PA, Palermo; AG, Agrigento; TP, Trapani.
Microbial Characterization of Animal Rennets
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DNA extraction, amplicon library preparation, and pyrosequenc-
ing. Total DNA extraction from the 11 rennet pools was carried out using
the NucleoSpin Food kit (Macherey-Nagel GmbH & Co. KG, Düren,
Germany) according to the manufacturer’s instructions. The microbial
diversity was studied by pyrosequencing of the amplifiedV1-to-V3 region
of the 16S rRNA gene by using primers Gray28f (5=-TTTGATCNTGGC
TCAG) and Gray519r (5=-GTNTTACNGCGGCKGCTG) amplifying a
fragment of 520 bp (18). Roche 454 sequencing adaptors were included in
the forward primer followed by a 10-bp sample-specific multiplex identi-
fier (MID). Each PCR mixture (final volume, 50 l) contained 50 ng of
template DNA, 0.4 M each primer, 0.50 mM each deoxynucleoside
triphosphate, 2.5 mMMgCl2, 5l of 10 PCR buffer, and 2.5 U of native
Taq polymerase (Invitrogen, Milan, Italy). The following PCR conditions
were used: 94°C for 2 min, 35 cycles of 95°C for 20 s, 56°C for 45 s, and
72°C for 5 min, and a final extension at 72°C for 7 min. Duplicate ampli-
cons were produced and pooled before library preparation. After agarose
gel electrophoresis, PCR products were purified twice with the Agencourt
AMPure kit (Beckman Coulter, Milan, Italy) and quantified using Quan-
tiFluor (Promega, Milan, Italy), and an equimolar pool was obtained
prior to further processing. The amplicon pool was used for pyrosequenc-
ing on a GS Junior platform (454 Life Sciences, Roche Diagnostics, Italy)
according to themanufacturer’s instructions by using titaniumchemistry.
Bioinformatics and data analysis. Raw reads were first filtered ac-
cording to the 454 processing pipeline. Sequences were then analyzed and
further filtered by using QIIME 1.6.0 software (19). In order to guarantee
a higher level of accuracy in terms of operational taxonomic unit (OTU)
detection, after the split library script performedbyQIIME, the readswere
excluded from the analysis if they had an average quality score lower than
25, if they were shorter than 300 bp, and if there were ambiguous base
calls. Sequences that passed the quality filter were denoised (20), and
singletons were excluded. OTUs defined by a similarity of 97% were
picked using the uclust method (21), and the representative sequences
were submitted to the RDPII classifier (22) to obtain the taxonomy as-
signment and the relative abundance of each OTU using the Greengenes
16S rRNA gene database (23).
Alpha diversity was evaluated through QIIME to generate rarefaction
curves and Good’s coverage, Chao1 richness (24), and Shannon diversity
(25) indices. The OTU taxonomy table generated by QIIME was used to
produce a heatmap by using the software TMeV v 4.8 (26).
Milk clotting activity. Clotting time (r), curd firming time (k20), and
curd firmness measured 30 min after the addition of rennet (a30) were
measured by the Formagraph system (Maspress apparatus; Foss Italia,
Padua, Italy) according to the manufacturer’s instructions. The rennet
samples were diluted 1:10 (wt/vol) in distilled H2O (dH2O) and kept
under agitation with a magnetic stirrer for 5 min, and 200 l of dilution
was added to 10 ml of pasteurized cows’ milk heated at 35°C. Each rennet
sample was analyzed five times with two distinct Formagraph appliances,
for a total of 10 repetitions. For comparison, the commercial liquid calf
rennet Naturen (Chr. Hansen’s Laboratory, Parma, Italy), containing
chymosin (30%,wt/vol) and having a strength of 130 internationalmilk
clotting units (IMCU)/ml, was diluted 1:10 (vol/vol) in dH2O, and 200l
was added to 10 ml of pasteurized cows’ milk heated at 35°C.
Acidifying capacity of rennet pastes. The contribution of the rennet
pastes to the acidification of curds was evaluated in full-fat ultrahigh-
temperature-processed (UHT)milk. The 11 rennet samples (0.15 g) were
inoculated individually in 300ml ofmilk and incubated at 30°C for 6 days.
Values of pH (determined electrometrically using the pHmeter BASIC
20 [Crison Instrument S.A., Barcelona, Spain]) and total titratable acid-
ity (TTA; determined by titration with 0.1 N NaOH and expressed in
terms ofml ofNaOH)weremeasured on 10ml of each sample (aseptically
collected) immediately after inoculation and at 24-h intervals for the 6
days. Microbiological analyses (TMC, TPC, and mesophilic and thermo-
philic rod and coccus LAB) were carried out on 10 ml of each sample
immediately after inoculation and after 6 days. A control test was obtained
with the addition of 0.15 ml of filter-sterilized (0.20-m-pore-size filter;
Sartorius, AubagneCedex, France) liquid calf rennet (Clerici Sacco Inter-
national, Cadorago, Italy) in milk. All trials were carried out in duplicate
in two consecutive weeks.
Isolation and phenotypical screening of rennet LAB. The presump-
tive LAB grown onMRS andM17, after 48 h of incubation at 30 and 44°C,
were collected from the plates containing the colonies well separated from
one another and resulting from the analysis of all 11 milks acidified for 6
dayswith the rennet pastes. The colonies were selected on the basis of their
appearance, and at least 4 colonies per morphology were isolated. The
isolates were tested for the Gram reaction (Gregersen KOHmethod) and
catalase activity (assayed with H2O2, 5% [wt/vol]) and purified after con-
secutive subculturing on the same media and under the same growth
conditions as those used for plate counts.
Phenotypic characterization was carried out in order to obtain an
initial grouping of the isolates. The cell morphology of LAB isolates was
determined by an optical microscope. Subsequently, LAB were subjected
to further phenotypic assays. Rods and cocci were grouped on the basis of
cell disposition, growth at 15 and 45°C, hydrolysis of arginine and esculin,
acid production from arabinose, ribose, xylose, fructose, galactose, lac-
tose, sucrose, and glycerol, and CO2 production from glucose tested with
Durham’s tubes. Cocci were also grouped for their growth at pH 9.2 and
in the presence of 6.5 g/liter NaCl to separate enterococci fromother dairy
cocci.
Strain differentiation and identification. The isolates were geneti-
cally processed to be differentiated at the strain level. The DNA from
overnight cultures grown in the optimal conditions was extracted by the
Instagene Matrix kit (Bio-Rad, Hercules, CA) as described by the manu-
facturer. Crude cell extracts were used as the template DNAs for PCR.
Strain differentiation was performed by random amplification of poly-
morphic DNA-PCR (RAPD-PCR) following the scheme reported by Set-
tanni et al. (27) using the primers M13, AB111, and AB106. Amplifica-
tions were performed by means of the T1 Thermocycler (Biometra,
Göttingen, Germany), and the PCR products were separated by electro-
phoresis on 1.5% (wt/vol) agarose gel (Gibco BRL, Cergy Pontoise,
France) and visualized by UV transillumination after staining with the
SYBR safe DNA gel stain (Molecular Probes, Eugene, OR). GeneRuler 100
bp PlusDNA ladder (M-Medical Srl,Milan, Italy) was used as amolecular
size marker. RAPD-PCR profiles were analyzed with the pattern analysis
software package Gelcompare II Version 6.5 (Applied Maths, Sin-Mar-
tens-Latem, Belgium). Calculation of similarities of band profiles was
based on the Pearson product moment correlation coefficient. Dendro-
grams were obtained by means of the unweighted pair group method
using an arithmetic average clustering algorithm.
The genotypic identification of the different strains of LABwas carried
out by 16S rRNA gene sequencing. PCRs were performed as described by
Weisburg et al. (28). DNA fragments were visualized, and amplicons of
about 1,600 bp were purified by the QIAquick purification kit (Qiagen
S.p.a., Milan, Italy) and sequenced using the same primers as those em-
ployed for PCR amplification.DNA sequencing reactionswere performed
by PRIMM(Milan, Italy). The sequences were comparedwith those avail-
able in the GenBank/EMBL/DDBJ (http://www.ncbi.nlm.nih.gov) (29)
and EzTaxon-e (http://eztaxon-e.ezbiocloud.net/) (30) databases. The
last database compares a given sequence to those of type strains only. The
isolates were considered to represent the species in question if 97% or
higher similarity was detected. Themultiplex PCR assay based on the sodA
gene reported by Jackson et al. (31) was applied to the enterococci not
identified to the species level.
Technological screening. All LAB were characterized for their capac-
ity to acidify milk, to undergo autolysis, and to generate diacetyl. Over-
night cultures were centrifuged at 5,000 g for 5 min, washed twice, and
resuspended in Ringer’s solution to an optical density of ca. 1.0 at 600 nm
(OD600), which approximately corresponds to a concentration of 10
9
CFU/ml (32), to standardize bacterial inocula. The acidifying capacity was
tested in 100mlUHTmilk inoculatedwith 1% (vol/vol) of cell suspension
and incubated at 30 or 44°C for the mesophilic and thermophilic isolates,
Cruciata et al.
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respectively. Values of pH were measured out at 2-h intervals for the first
8 h and then 24, 48, and 72 h after inoculation on aliquots of 4 ml, asep-
tically collected from each test flask.
The autolysis of whole cells was determined in KH2PO4 (50 mM, pH
6.5), applying the method described by Mora et al. (33). OD600 was mea-
sured at 2-h intervals for the first 8 h and then 24, 48, and 72 h after
inoculation.
Diacetyl production was determined as described by King (34).
Briefly, LAB suspensions prepared in Ringer’s solution as reported above
were inoculated in UHTmilk for 24 h at 30°C, and to aliquots of 1 ml was
added 0.5 ml of -naphthol (1%, wt/vol) and KOH (16%, wt/vol), fol-
lowed by incubation at 30°C for 10min.Diacetyl generationwas indicated
by the formation of a red ring at the top of the tubes.
Acidification, autolysis, and diacetyl generation tests were performed
in duplicate with two independent LAB inocula.
Improvement of acidifying properties of rennets by LAB addition.
To evaluate the aptitudes of rennet LAB to turn rennets into good acidi-
fiers, the fastest acidifier LAB were added to the rennet samples showing
the slowest kinetics of acidification. LABwere selected on the basis of their
milk acidification capacity, prepared in Ringer’s solution as reported
above, and added to the rennet pastes at a final concentration of approx-
imately 104 CFU/g. The acidifying capacity of rennet pastes was deter-
mined as reported above, and the pH values were registered after 8 and 24
h from inoculation. The tests were carried out in duplicate.
Statistical analyses. Microbial loads, milk clotting activities, changes
of pH and TTA, and microbial evolutions during acidification were sta-
tistically analyzed using the generalized linear model (GLM) procedure,
including the effects of sample, with the program SAS 2008, version 9.2
(Statistical Analysis System Institute Inc., Cary, NC, USA). The Student t
test was used for mean comparisons. The post hoc Tukey method was
applied for pairwise comparison between each rennet paste and control.
Significance level was set at P values of0.05.
Nucleotide sequence accession numbers. The sequences determined
in this study have been deposited in GenBank under accession numbers
KF286609 to KF286618, KF826008 to KF826010, KF826012 to KF826022,
KF826025 to KF826027, and KF856609 to KF856613. The pyrosequenc-
ing results are available at NCBI’s Sequence Read Archive (accession
number SRP026104).
RESULTS
Microbiological analysis of the rennet pastes. The viable counts
of the 12 microbial groups investigated in the rennet samples are
reported in Table 2. CPS were undetectable in all samples, while
CNS were found in samples 3 and 12. Enterobacteriaceae, entero-
cocci, yeasts, and mesophilic and thermophilic LAB were cultiva-
ble only in a few samples. Pseudomonads were estimated at be-
tween 3.0 and 3.4 log CFU/g in six samples. All samples resulted
positive for the presence ofmesophilic cocci, whose countswere in
the range of 3.5 to 5.1 log CFU/g. The levels of mesophilic cocci
were almost superimposable to those of TMC. On average, TPC
were at 1 to 1.5 logCFU/g lower thanTMC.Clostridia, although at
very low levels in some cases, were found in six rennets. The high-
est levels of viable populations were registered for rennet 12.
Microbial diversity. A total of 46,266 raw reads were obtained
for the rennet samples and analyzed; 40,597 reads passed the qual-
ity filters applied through the QIIME split_library.py script, with
an average value of 2,963 reads/sample and an average length of
519 bp. The number of reads analyzed, the number of OTUs, the
Good’s estimated sample coverage (ESC), and the Chao1 and
Shannon indices obtained for the samples are reported in Table 3.
The rarefaction analysis and the ESC indicated that more than
90%of themicrobial diversity was covered inmost of the samples.
Pyrosequencing allowed to identify a total of 121 OTUs at the
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family level. The relative abundances of bacterial families identi-
fied in animal rennet pastes are reported in Fig. 2, where only
groups with an incidence of 1% in at least one sample were con-
sidered. Seventeen bacterial families were detected in the rennet
samples considered. The major families were Lactobacillaceae and
Streptococcaceae. Lactobacillaceae represented the highest propor-
tion (ranging from 47.4 to 93.5%) of bacteria in almost all sam-
ples, with the exception of rennets 3 and 12, where Streptococ-
caceae represented 67.5 and 71.1% of the bacterial microbiota,
respectively. The other families or classes (when the consensus on
the particular nomenclaturewas lacking) detected at a certain per-
centage of abundance (2% in several rennet samples) were Bac-
teroidia, Clostridia, Prevotellaceae, Lachnospiraceae, and Rumino-
coccaceae (Fig. 2).
Analyzing the microbial diversity to deeper taxonomic assign-
ment, genera and species identified by pyrosequencing can be ob-
served in the heatmap shown in Fig. 3. Only OTUs belonging to
the LAB group and occurring at0.1% abundance in at least one
sample were included. Eighteen OTUs were identified. Among
LAB, Streptococcus thermophilus and some lactobacilli were the
most abundant species, with differences among the samples. S.
thermophilus was the most abundant species in rennets 3 and 12
only (56.4 and 59.8%, respectively). In contrast, all other samples
were characterized by the prevalence of Lactobacillus crispatus and
Lactobacillus reuteri, with abundances rangingwithin 20 to 30%of
the total OTUs. Other LAB detected were Lactobacillus delbrueckii
(3.2%) in rennet 12 and Lactococcus lactis (4.0%) in rennet 3. In
addition, further Lactobacillus spp. were identified in most of the
samples, but a species level assignment was not obtained (Fig. 3).
Rennet coagulation. The animal rennet pastes were evaluated
for their coagulation parameters (Table 4) in comparison with the
liquid rennet Naturen, commonly used as an internal control for
the Formagraph instrument (35). The rennet samples showed dif-
ferent r, k20, and a30 values. However, some artisanal rennets
showed Formagraph parameters comparable to those character-
izing the Naturen preparation.
Acidifying capacity of rennet pastes. The capacity of the ren-
net pastes to acidify UHT milk was evaluated by determining the
changes of pH and TTA (see Table S1 in the supplemental mate-
rial). During the 6 days of observation, the pH of the control trial,
containing the filter-sterilized liquid rennet, decreased slower
TABLE 3 Number of reads, observed diversity, and estimated sample
coverage for 16S rRNA amplicons analyzed in this studya
Rennet
sample no.
No. of
reads
No. of
OTUs
Chao1
index
Shannon
index
ESC
(%)
1 3,308 155 464.79 2.79 97
2 3,530 249 586.53 3.27 96
3 3,119 312 803.05 3.73 93
4 3,150 496 1491.51 5.19 89
5 4,366 411 979.47 3.89 94
6 2,272 588 1767.95 6.21 81
7 3,391 481 1702.50 4.80 90
8 3,298 457 1465.06 4.20 90
9 1,118 259 630.34 4.70 84
10 3,056 376 1110.27 4.02 91
11 1,989 121 382.07 2.63 96
a Abbreviations: OTU, operational taxonomic unit; ESC, estimated sample coverage.
Chao1, Shannon, and ESC were calculated with QIIME at the 3% distance level. More
details on bioinformatics analysis are given in Materials and Methods.
FIG 2 Relative abundances (%) of bacterial families identified by pyrosequencing in animal rennet pastes. Only families occurring at1% abundance in at least
one sample were included.
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(from 6.70 at time zero [T0] to 6.29 after 6 days) than that of the
trials containing added rennet pastes. Consistently, increasing
TTA was observed in all trials. The pH of the trials T1 to T12
decreased more rapidly than that of the control trial; after 2 days
from inoculation, all trials except trial T11 showed a pH of milk
below 5.0. However, only trials T3 and T12 showed pH values
below 4.0 and the highest TTA levels (19.3 and 21.0, respectively)
at the sixth day of fermentation. In several trials, the pH registered
on the second day did not significantly vary until the end of the
observation. At any time of pH and TTA evaluation, all trials had
statistically different results from one another. Furthermore, all
trials differed significantly from the control.
The microbiological analysis of milk (see Table S2 in the sup-
plemental material) showed the increase of all microbial groups
monitored (TMC,TPC, andmesophilic and thermophilic rod and
coccus LAB) at the sixth day of fermentation, even thoughmost of
themwere undetectable at T0. The highest levels ofmicrobial loads
were registered on M17 incubated both at 30°C and at 44°C. De-
spite the high values observed for TPC and TMC, trial T11 dis-
played a low final concentration of LAB (5.1 log CFU/ml). Trials
T7 and T8 reached a final LAB load of approximately 107 CFU/ml,
while 108 CFU/ml of LAB were found for all other trials. With the
exception of thermophilic coccus LAB for trial T8 and psychro-
trophic bacteria for trials T1 to T3, T7 to T9, and T12, all differ-
ences from the control trial were found to be statistically signifi-
cant.
Isolation and phenotypic grouping of rennet LAB. Eighty-
nine presumptive LAB colonies were isolated from themilks acid-
ified with the animal rennet pastes, which were subjected to the
high-throughput sequencing before addition to milk. Only 29
cocci and 3 rods were Gram positive and catalase negative and
considered presumptive LAB. The combination of the phenotypic
characters considered (growth temperature, hydrolysis of argi-
nine and esculin, acid production from different carbon sources,
and fermentation metabolism) allowed the separation of the 32
cultures into seven groups (see Table S3 in the supplemental ma-
terial). The most numerous group was group IV, which included
14 isolates. No isolate produced showed a heterofermentativeme-
tabolism. All three rod-shaped isolates grouped together (group I)
and were obligately homofermentative since the growth was
scored negative in the presence of pentose sugars. The isolates
forming long chains of cocci formed group II.
Strain typing and identification of LAB.All presumptive LAB
were analyzed by RAPD-PCR. The combination of the three
RAPD patterns for each isolate indicated the presence of 32 differ-
ent strains in the resulting dendrogram (see Fig. S1 in the supple-
mentalmaterial). At the similarity level of 50%, fourmain clusters
were observed. The clusters A and C, with eight and five strains,
respectively, included LAB characterized by the phenotypic pro-
files IV to VII, and cluster D contained only the strains included in
FIG3 Distribution of bacterial genera and species as identified by pyrosequencing in animal rennet pastes. OnlyOTUs belonging to the lactic acid bacteria group
and occurring at0.1% abundance in at least one sample were included. The color scale indicates the relative abundance of each OTU within the samples.
TABLE 4 Milk clotting activities of animal rennet pastes
Rennet
sample ID
Valuea (mean SEM) for Formagraph parameter:
r (min) k20 (min) a30 (mm)
1 6.13 0.53 Bb 3.15 0.16 Aa 49.11 2.30 Aa
2 9.15 0.74 Bb 3.59 0.37 Bb 46.55 1.66 Aa
3 4.83 0.26 Bb 3.22 0.30 Aa 48.97 2.38 Aa
4 6.36 0.18 Bb 3.26 0.12 Aa 47.91 2.44 Aa
5 3.33 0.17 Bb 2.50 0.28 Bb 50.13 2.55 Ba
6 4.03 0.34 Aa 2.57 0.33 Bb 50.03 2.21 Ba
7 12.60 0.65 Bb 3.96 0.38 Bb 41.27 2.28 Bb
8 3.08 0.29 Bb 2.30 0.12 Bb 51.46 2.04 Bb
9 8.33 0.53 Bb 3.35 0.17 Bb 47.99 2.06 Aa
10 4.25 0.31 Aa 2.57 0.37 Bb 50.96 2.43 Bb
11 5.48 0.14 Bb 3.05 0.25 Aa 49.59 1.72 Bb
Naturen 4.15 0.57 Aa 3.01 0.57 Aa 47.02 2.75 Aa
a Lowercase (a, b) and uppercase (A, B) letters indicate different statistical significances
for pairwise comparison with Naturen at P values of0.05 and0.01, respectively.
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the phenotypic group IV, while cluster E contained those included
in the phenotypic groups III and IV.
The 32 LAB were subsequently subjected to 16S rRNA gene
sequencing. The sequences were compared with those available in
two distinct databases, and 18 strains were clearly identified to the
species level, i.e., Enterococcus casseliflavus, Enterococcus faecium,
Enterococcus faecalis, Enterococcus lactis, Lactobacillus delbrueckii,
and Streptococcus thermophilus, since sequence similarity was
higher than 97% in both databases (Table 5). Thirteen strainswere
allotted into the genusEnterococcus, but none of them shared a 16S
rRNAgene sequence identity of at least 97%with any type strain of
the known species within this genus. The multiplex PCR based
on the sodA gene of these strains (results not shown) did not
recognize any Enterococcus species. The type strain of the closest
relative for all the unidentified strains was E. lactis DSM 23655T,
with which they shared different percentages (92.12 to 96.94%) of
identity on the 16S rRNA gene (GenBank accession no.
GU983697). A phylogram (see Fig. S2 in the supplemental mate-
rial) was constructed with these sequences and all those corre-
sponding to the E. lactis identified in this work, in order to evalu-
ate their phylogenetic distances. All 13 unidentified Enterococcus
strains formed distinct branches of the phylogenetic tree. In par-
ticular, the strains CGLBL221 and CGLBL225 were phylogeneti-
cally far distant from the other 11 unidentified enterococci. The
distances evidenced by phylogenetic analysis reflected the differ-
ences showed by the RAPD dendrogram.
Technological characterization of LAB. All LAB were sub-
jected to technological screening. The results of the acidification
evaluated in UTHmilk at the optimal growth temperature of each
LAB (results not shown) indicated that 10 strains effected a rapid
pH drop (Fig. 4). In particular, Enterococcus sp. strain CGLBL100
determined a significantly (P  0.05) more rapid drop of pH
than other LAB within 8 h, even though after 24 h the lowest pHs
were registered for Enterococcus species strains CGLBL203 and
CGLBL213. Despite the high percentage of Lactobacillaceae de-
tected by pyrosequencing (Fig. 2), no strain from the rennet sam-
ples 8 and 11 was selected as acidifier. In fact, rennets 8 and 11
determined the highest values of pH registered after 6 days ofmilk
acidification (see Table S1 in the supplemental material). Even
thoughEnterococcus sp. strainCGLBL100was characterized by the
fastest acidification kinetics within 8 h from inoculation inmilk, it
was isolated froma 6-day fermentedmilk that did not show a good
acidification (see Table S1 in the supplemental material). On the
contrary, the strains CGLBL203 and CGLBL213, which showed
the lowest endpoint pH,were originating from themilk fermented
with rennets 5 and 4, respectively, which were among the most
TABLE 5 Identification of the fastest acidifier rennet LAB
Strain Species
Rennet
sample
no.
Phenotypic
group
RAPD
cluster
% similarity (accession no. of closest
relative) by:
Accession
no.
Sequence
length
(bp)BLAST EzTaxon
CGLBL3 Streptococcus thermophilus 3 II K 99 (KC545904) 98.16 (AY188354) KF856613 1,490
CGLBL58 Enterococcus casseliflavus 11 IV F 99 (KF060255) 98.45 (AJAM01000006) KF826012 1,492
CGLBL73 Lactobacillus delbrueckii 11 I L 98 (KF060256) 97.77 (AEXU01000148) KF856612 1,486
CGLBL85 Enterococcus faecalis 3 VII G 99 (HF558530) 99.26 (AE016830) KF826013 1,497
CGLBL100 Enterococcus sp. 1 III E 97 (AY675247) 96.79 (GU983697) KF286610 1,494
CGLBL106 Enterococcus sp. 2 VII A 96 (KC478514) 96.38(GU983697) KF826009 1,498
CGLBL109 Enterococcus sp. 2 VII A 96 (HM058854) 95.82 (DQ411813) KF826010 1,436
CGLBL115 E. faecalis 3 IV H 99 (KC692178) 98.79 (AE016830) KF826008 1,503
CGLBL118 Enterococcus sp. 4 VI A 96 (KC478513) 96.73 (DQ411813) KF856609 1,444
CGLBL137 Enterococcus sp. 8 VI A 96 (AY675247) 95.69 (GU983697) KF826026 1,502
CGLBL139 Enterococcus faecium 9 IV A 98 (KC478514) 98.13 (DQ411813) KF826025 1,416
CGLBL140 Enterococcus lactis 9 V A 97 (AY683836) 97.27 (GU983697) KF826027 1,485
CGLBL145 E. lactis 11 V B 99 (AY683836) 99.51 (GU983697) KF826014 1,498
CGLBL146 E. faecalis 11 IV H 99 (KC692178) 98.99 (AE016830) KF826015 1,500
CGLBL153 E. lactis 1 IV D 97 (AY683836) 97.49 (GU983697) KF826016 1,494
CGLBL155 Enterococcus sp. 2 IV D 96 (KC478514) 96.10 (GU983697) KF826017 1,505
CGLBL159 E. lactis 3 IV D 97 (AY683836) 97.56 (GU983697) KF826018 1,503
CGLBL160 E. lactis 3 IV A 98 (AY683836) 97.43 (GU983697) KF826019 1,494
CGLBL186 Enterococcus sp. 2 IV C 97 (AY675247) 96.66 (GU983697) KF286611 1,511
CGLBL188 E. faecalis 11 IV E 99 (HQ721272) 98.72 (AB012212) KF286612 1,494
CGLBL189 S. thermophilus 11 II K 99 (KC545895) 98.11 (AY188354) KF856611 1,487
CGLBL193 L. delbrueckii subsp. delbrueckii 3 I I 99(KF060256) 99.81 (AY050172) KF286613 1,060
CGLBL198 L. delbrueckii 6 I B 99 (KC545930) 97.77 (AY050172) KF826020 1,517
CGLBL203a Enterococcus sp. 5 IV C 99 (AB795648) 98.65 (GU983697) KF286614 1,053
CGLBL204 Enterococcus sp. 7 V C 92 (EU337116) 92.12 (GU983697) KF286615 1,497
CGLBL208 S. thermophilus 11 II M 99 (FR875178) 99.05 (AY188354) KF286609 1,482
CGLBL213 Enterococcus sp. 4 VI C 97 (AY675247) 96.73 (GU983697) KF286616 1,499
CGLBL221 Enterococcus sp. 6 VII C 95 (KC478514) 95.20 (GU983697) KF286617 1,495
CGLBL223 Enterococcus sp. 9 IV A 97 (KC478514) 96.94 (GU983697) KF826021 1,496
CGLBL225 Enterococcus sp. 9 V J 95 (AY675247) 94.57 (GU983697) KF286618 1,496
CGLBL253 E. lactis 10 IV G 99 (AY683836) 99.58 (GU983697) KF826022 1,500
CGLBL274 E. faecium 10 IV E 99 (FJ378689) 99.46 (DQ411813) KF856610 947
a The strain CGLBL203 was identified as Enterococcus sp. due to the discordance found between BLAST and EzTaxon.
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acidifying rennet paste samples (see Table S1 in the supplemental
material).
AutolysisofLABshowingacidifyingaptitudes is reported inFig. 5.
Only Enterococcus sp. strain CGLBL186, E. faecalis CGLBL188,
and L. delbrueckii subsp. delbrueckii CGLBL193 were character-
ized by a consistent decrease of ODwithin the 72 h of observation.
All isolates were able to produce diacetyl (results not shown).
Improvement of acidifying properties of rennets by LAB ad-
dition. Enterococcus species strains CGLBL100, CGLBL203, and
CGLBL213 were chosen to evaluate the capacity of rennet LAB to
turn rennet paste 11, characterized by the slowest kinetics of acid-
ification, into a good acidifying rennet. The level of LAB inocula
was at about 104CFU/g in order to contaminate the rennet paste at
the same initial concentration of mesophilic coccus LAB detected
(Table 2). After 8 h from inoculation, the strain CGLBL100
showed a drop ofmilk pH to 5.75 0.05, that of strain CGLBL203
to 5.74  0.03, and that of strain CGLBL213 to 5.69  0.03. A
similar trend for the three strains was observed at 24 h from rennet
FIG 4 Evolution of milk pH determined by the fastest acidifier rennet LAB. Bars represent standard deviations of the means. Tests were performed in duplicate.
Vertical bars not visible are smaller than the symbol.
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addition, since milk inoculated with rennet 11 inoculated with
strain CGLBL100 reached a final pH of 4.03  0.04; a final pH
of 4.02  0.07 was observed with strain CGLBL203 and one of
3.98 0.11 with strain CGLBL213. These results, compared to
those reported in Fig. 4, demonstrated that LAB strains
CGLBL100, CGLBL203, and CGLBL213 turned a slow-acidify-
ing rennet into a good acidifier but showed that strain
CGLBL100, after mixing with the indigenous LAB of rennet 11,
had a different acidifying capacity from that registered when
inoculated in milk singly.
DISCUSSION
The aimof thisworkwas to evaluate themicrobial communities of
animal rennet pastes as a source of interesting LAB populations.
To pursue this goal, we applied culture-dependent and -indepen-
dent techniques. Although there is no universal strategy to inves-
tigate the microbial biodiversity of complex matrices, the combi-
nation of moremethodologies might provide a global overview of
the microbial composition. This approach is particularly impor-
tant for the food ingredients that have not been deeply investi-
gated yet, because several microorganisms with beneficial proper-
ties can be lost with the classical methods of detection, based on
the cultivation and isolation of the viable cells, that are currently
available.
The viable counts showed that all samples hosted mesophilic
cocci and their concentrations were approximately at the same
levels of TMC, while mesophilic and thermophilic rods and ther-
mophilic cocci were cultivable in only a few samples. The viable
counts of LAB estimated in this work are in the same order of
magnitude of those reported by Voidarou et al. (8) but are consis-
tently lower than those estimated by Flórez et al. (15). However,
the last authors analyzed samples of rennet extracts prepared
“from dried kid stomachs cut into strips and left to steep in acid-
ified cheese whey for at least 24 h” (15), and this can explain the
high levels of LAB found (about 108 CFU/ml), since cheesewhey is
a source of viable LAB (36).
CPS were undetectable in all samples, but CNS were found in
the two industrial rennets and were in the range 2.2 to 3.1 log
CFU/g. The presence of CNS at detectable levels only in the indus-
trial rennets indicates that the microbial composition of the ren-
nets might strictly depend on the method used for production.
Similar levels of concentration were found for some rennets ana-
lyzed by Flórez et al. (15). The liquid rennet studied by Temelli et
al. (16) hosted very low levels of staphylococci, and the rennet
paste “pytia” contained barely 0.3 log CFU/g of Staphylococcus
aureus (8).
Not all samples were positive for the presence of Enterobacte-
riaceae, enterococci, yeasts, pseudomonads, and clostridia, con-
firming previous studies carried out on liquid rennets that re-
ported undetectable levels of this microbial groups in several
FIG 5 Autolysis of the fastest acidifier rennet LAB. Bars represent standard deviations of the means. Tests were performed in duplicate. Vertical bars not visible
are smaller than the symbol.
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samples (10, 14–16). Low concentrations of yeasts were registered
also by Voidarou et al. (8).
The analysis of the uncultivable component of the microbiota
of a given raw material assumes a paramount importance when
the microorganisms relevant during the transformation are pres-
ent in a dormant/viable but not cultivable (VBNC) state, not de-
tectable by culture-dependent methods. The VBNC community
may include both the microorganisms technologically useful for
the transformation process and those undesired (pathogenic/
spoilage) for the stability and safety of the final food products. In
this study, all rennet pastes were analyzed by culture-independent
pyrosequencing as an up-to-date, sensitive approach for the eval-
uation ofmicrobial diversity (37). Pyrosequencing shows a higher
sensitivity and efficiency for the evaluation of microbial biodiver-
sity than other culture-independent PCR-based approaches such
as electrophoreticmethods (37, 38). Themicrobiota of the rennets
analyzed in this study consisted of 361 OTUs. Seventeen main
families represented 92.7 to 98.9%of the bacterial communities of
the samples. Within the group of LAB, Lactobacillaceae repre-
sented the highest proportion of bacteria in all artisanal samples,
followed by Streptococcaceae, which dominated the two industrial
samples. Bacteroidia, Clostridia, Prevotellaceae, Lachnospiraceae,
andRuminococcaceaewere also found to contaminate the samples.
Prevotellaceae, Lachnospiraceae, and Ruminococcaceae are re-
ported to be present at high abundances within the bovine abo-
masal microbiota (39). Although none of the rennet samples an-
alyzed in this work had a bovine origin, the presence of the three
above families at high abundance levels in lamb and kid rennets is
due to their high adaptation to the ruminant abomasum environ-
ment.
In general, high-throughput sequencing evidenced a different
microbial composition of industrial and artisanal animal rennets.
This finding might be dependent on the methods applied to pro-
duce the rennet pastes, which need to be investigated in order to
retrieve the origin of the different microbial groups.
Seventeen LAB OTUs were identified to the species level, with
S. thermophilus being the main LAB species for the industrial ren-
nets, while Lactobacillus crispatus and Lactobacillus reuteri were
found at consistent levels in the artisanal samples. These data sug-
gest a possible competition between streptococci and lactobacilli.
Several LAB species, mainly Lactococcus lactis and lactobacilli,
were also previously identified in rennet by a culture-independent
PCR-denaturing gradient gel electrophoresis (DGGE) approach
(40).
Voidarou et al. (8) stated that artisan traditional rennets are
safe to use and technologically beneficial to dairy processes and
may provide characteristic flavor in the case of Cabrales cheese. In
order to test the suitability of rennet as source of starter LAB, we
evaluated the acidifying capacity of the rennet pastes. Changes of
milk pH and TTA during 6 days of observation showed that the
industrial rennets determined a faster and stronger acidification
than the artisanal rennets, which is not in agreement with the
results previously obtained by Voidarou et al. (8). The microbio-
logical analysis of the acidified milks showed final LAB loads of
approximately 107 to 108 CFU/ml of LAB for almost all trials,
showing that all rennets hosted LAB able to acidifymilk.However,
after 24 h, only three artisan rennets showed an acidifying ability
similar to that expressed by the industrial samples.
In order to isolate the most promising strains to act as starter
cultures, various presumptive LAB colonieswere isolated from the
highest dilutions of the milks acidified with the animal rennet
pastes. The 89 presumptive LAB were phenotypically separated
into seven groups. The 89 isolates were confirmed to be different
strains by using genotyping, but only 32 strains belonged to the
group of LAB and were identified as E. casseliflavus, E. faecium, E.
faecalis, E. lactis, L. delbrueckii, and S. thermophilus, or they were
identified as Enterococcus species that remained unidentified. The
phylogenetic analysis revealed that these enterococci had E. lactis
as the closest related species and could represent more unknown
species.
Overall, the culture-independent analysis indicated high levels
of S. thermophilus in the industrial rennets, while L. crispatus and
L. reuteri were the major species in the artisanal rennets. These
species of lactobacilli are typically not recognized as SLAB species
(41). The species dominating in culture-independent analyses
were not always isolated after milk acidification by the different
rennets. Indeed, S. thermophilus was isolated at high levels from
acidified milk only when the milk was acidified with rennet 12.
This inconsistency may be due to either the VBNC state of the
microbiota identified in the rennets by pyrosequencing or by the
fact that other bacteria such as enterococci or L. delbrueckii may
outcompete other lactobacilli or streptococci during the growth in
milk. Furthermore, L. crispatus and L. reuteri belong to the normal
bacterial microbiota of gastrointestinal and genital tracts of hu-
mans and animals (42) and might not be adapted to the rennet
environment. Even though both Lactobacillus species have been
reported to be associated with several fermented foods in past,
their detection was often due to a phenotypic misidentification.
Hence, after 6 days of milk fermentation, the absence of L. crispa-
tus and L. reuteri from the dominating group of LAB could be
imputable to competitionwith other, faster-acidifying species that
are better adapted to milk.
Most of the dominant species present after milk fermentation
were, surprisingly, of the Enterococcus genus and in some rennets
were not detected by plate count and/or were revealed to be pres-
ent at very low percentages by pyrosequencing. However, once in
milk, these strains were able to develop rapidly and overcame the
other species that were found to be more abundant in rennets.
The isolates were characterized for their technological features.
Besides the acidifying capability, other general traits relevant for
SLAB are the rapid cell autolysis and the capacity to generate di-
acetyl (43). Ten isolates determined a rapid drop of milk pH and
produced diacetyl, but only three of them underwent a rapid
autolysis. No isolate from the rennet samples 8 and 11, due to their
low acidifying power observed in milk, was selected as technolog-
ically interesting. Other studies found that only a small percentage
of acidifier LAB showed autolytic properties (32). The addition of
fast-acidifying strains turned slow-acidifying rennets into good
acidifiers.
From an ecological point of view, this study provided the
microbial composition of several animal rennet pastes pro-
duced at different levels and investigated the technological role
of their LAB.
In conclusion, although artisan and industrial animal rennet
pastes showed a considerable microbial diversity, this work
proved that animal rennet pastes are sources of LAB strains with
technological traits useful in cheese making. Furthermore, animal
rennets also represented sources of isolation of new species of
Enterococcus, which need further studies to be better classified.
However, the high abundances of LAB families found in rennets in
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this work, which have not been detected at high proportions in the
ruminant abomasal microbiota (39), and the different microbial
communities detected for industrial and artisanal rennets suggest
the need for better investigating the process of rennet paste pro-
duction.
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